Abstract: Since bovine teeth have been used as substitutes for human teeth in in vitro dental studies, the aim of this study was to compare the radiographic density of bovine teeth with that of human teeth to evaluate their usability for radiographic studies. Thirty bovine and twenty human teeth were cut transversally in 1 millimeter-thick slices. The slices were X-rayed using a digital radiographic system and an intraoral X-ray machine at 65 kVp and 7 mA. The exposure time (0.08 s) and the targetsensor distance (40 cm) were standardized for all the radiographs. The radiographic densities of the enamel, coronal dentin and radicular dentin of each slice were obtained separately using the "histogram" tool of Adobe Photoshop 7.0 software. The mean radiographic densities of the enamel, coronal dentin and radicular dentin were calculated by the arithmetic mean of the slices of each tooth. One-way ANOVA demonstrated statistically significant differences for the densities of bovine and human enamel (p < 0.05) and for bovine and human coronal dentin (p < 0.05). No statistically significant differences were found for the bovine and human radicular dentin (p > 0.05). Based on the results, the authors concluded that: a) the radiographic density of bovine enamel is significantly higher than that of human enamel; b) the radiodensity of bovine coronal dentin is statistically lower than the radiodensity of human coronal dentin; bovine radicular dentin is also less radiodense than human radicular dentin, although this difference was not statistically significant; c) bovine teeth should be used with care in radiographic in vitro studies.
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Introduction
Animal teeth have been used in several in vitro studies recently. Bovine teeth are the most common option chosen by most researchers, since they are easily obtained and because the ethics committees are encouraging their use as an alternative for human teeth. 1 Human dentin is composed of 70% of inorganic material, 18% of organic material and 12% of water. Its structural unit includes peri-and intertubular mineralized matrix, the content of the dentin tubules (the odontoblastic prolongations) and the organic material of the periodontoblastic space. The dentin mass of young teeth has a quite uniform degree of mineralization. However, the enamel-dentin surface, the interglobular dentin and the pulpar dentin are less mineralized. More than 90% of the organic material of dentin is collagen, distributed in a uniform pattern over the dentin. Nevertheless, the mantle dentin and the pre-dentin seem to contain more organic components than the body of the dentin. The main mass of organic material is uniformly distributed in the intertubular matrix. 2 Structurally, bovine teeth have a higher number of dentin tubules next to the pulp, as occurs with human teeth. However, human teeth have a smaller number of dentin tubules next to the enamel, whereas the density of tubules next to the enamel in bovine teeth is almost the same as that found on layers next to the pulp. The diameter of the dentin tubules is narrower on the layers next to the enamel and wider on the layers next to the pulp. 3, 4 The distribution of the intertubular dentin is not uniform on the surroundings of the pulp in bovine teeth. 3 There is also a variation of tubular density per mm². This variation is also dependant on the type of teeth and on the layer of dentin. 4 Compared to human dentin, bovine dentin has a higher concentration of dentin tubules per square millimeter, 4, 5 although this difference is small. 4 The superficial layers of human coronal dentin have less tubules than the deeper layers. On the other hand, bovine teeth have almost the same density of tubules both on the superficial and on the deeper layers of dentin. 4 On average, the diameter of the dentin tubules of bovine teeth is greater than that of the dentin tubules of human teeth, 4, 5 although the difference is not statistically significant. Moreover, the tubular diameter of the external layers of bovine teeth is smaller than that of the internal layers, 4 but the percentage of intertubular dentin is the same as in human teeth. 5 However, Falla-Sotelo et al. 6 (2005), in a study about the concentration of trace elements of human, bovine and swine teeth, did not observe statistically significant differences in the concentration of Ca and P in the enamel and dentin of the three types of teeth.
Comparative in vitro studies have found that microleakage is higher on the margins of the restorations of bovine teeth compared to human teeth. 7 Bovine teeth have also been employed in studies about endodontic filling materials, 8 mechanical effects of toothbrushes on the enamel surface, 9 grinding of diamond burs, 10 and the effect of a chemical system of caries removal. 11 Some authors affirmed that bovine teeth can also be used as a substitute for human teeth in adhesion tests of composites and resin-modified cements, 12, 13 as long as these tests are made on enamel or on the superficial surfaces of dentin. 12 Radiographically, the enamel of human teeth is more radiodense than the cementum and dentin.
14 However, only a few studies compared the radiographic densities of human and bovine teeth. 1 Because of the difference of the microstructures of human and bovine teeth, and because of the differences of the results observed by studies using human or bovine teeth, the aim of the present study was to compare the radiographic density of the enamel and dentin of human teeth and bovine teeth and evaluate their usability in radiographic in vitro studies.
Material and Methods
Twenty sound human third molars and thirty sound bovine upper incisors were stored in physiological solution to keep their humidity. The human third molars were impacted teeth with indication for surgical extraction. The bovine teeth were obtained from a local slaughterhouse.
The teeth were numbered in a sequence according to their type (1H, 2H,…, 20H, for the human teeth, and 1B, 2B,…, 30B for the bovine teeth) and cut transversally in 1 millimeter-thick slices with an Exetec  Labcut 1010 slicer (Exetec Corp., Enfield, CT, USA). The slices were numbered according to their occlusal-apical or incisal-apical position (C1, C2, C3 for the coronal slices, and R1, R2, R3 for the root slices). Therefore, each slice could be identified by tooth and slice number (i.e.: slice 2B-C3 was slice number 3 of the crown of bovine tooth number 2). The number of slices varied according to the size of the teeth. The occlusal/incisal sections of the crowns were excluded from the study since they would contain the oclusal/incisal layer of enamel over dentin, which could interfere in the density results.
All the slices were imaged on a direct digital radiographic sensor (Radiovisiography, Trophy  , Toulouse, France) with an intraoral X-ray machine (GENDEX 765DC, Gendex  , Lake Zurich, IL, USA), at 65 kVp, 7 mA, and 0.08 s of exposure.
A special device was created to standardize the exposures. With this device, the central X-ray beam was directed at a right angle to the center of the sensor, with a focus-sensor distance of 40 centimeters. The tooth sections were positioned on the center of the sensor and exposed to the X-rays (Figure 1a  and 1b; Figure 2a and 2b) . Slice thickness, exposure time, target-sensor distance, kVp, mA and central Xray beam direction were standardized to avoid any possible influence of these factors on the radiodensity of the slices.
The digital radiographic image of each slice was saved in Windows Bitmap (BMP) format. An image editing software (Adobe Photoshop  7.0, Adobe Systems Inc.
 , San Jose, CA, USA) was used to measure the densities of the dentin and enamel of each slice. The structures of interest (enamel or dentin of crown slices; dentin of root slices) were selected with the "Magic Wand" tool. It was therefore possible to determine the mean pixel density values of the selected structure in each slice according to their grayscale level (0 to 255). The density of the enamel, coronal dentin and root dentin of each tooth was calculated by the mean density values of each slice. ANOVA one-way test was used to compare the mean density values of the enamel, coronal dentin and root dentin of human and bovine teeth to test the hypothesis that there are no statistically significant differences between these mean values. Table 1 displays the values of n, mean and the standard-deviation of the optical densities of the enamel, coronal dentin and root dentin in each group.
Results
Graph 1 represents the mean values and the standard-deviation of the optical densities of enamel, coronal dentin and root dentin for each group. Table 2 displays the p-values of the comparisons of the mean values of enamel, coronal dentin and root dentin of bovine and human teeth's optical densities.
Discussion
Because of the increasing difficulty in obtaining human teeth for dental research, and because of the requirements made by ethics committees about their use, many researchers have preferred to use animal teeth. Bovine teeth have been suggested as possible substitutes for human teeth because they can be easily obtained, since bovines are widely slaughtered for human consumption and their teeth have no commercial purposes. 1, 10, 15 However, the chemical, structural, anatomical and radiographic characteristics of those teeth are not necessarily similar to those of human teeth. Therefore, the results of studies that use bovine teeth may be jeopardized as a consequence of these differences. Thus, the characteristics of the hard tissues of animal teeth are the Table 1 -n, mean and standard-deviation (SD) of the optical densities of enamel, coronal dentin and radicular dentin for each group.
main variable to be taken into account when choosing possible animal substitutes for human teeth. 1 Since there are structural differences between human and bovine teeth, disparities in the human and bovine teeth's radiographic densities are also expected. Such differences may be due to dissimilarities of constitution and mineral quantity of each type of teeth. We have observed in the present study that, on average, the density of bovine enamel was higher than the density of human enamel. The statistics demonstrated that this difference was statistically significant (p < 0.05). Fonseca et al. 1 (2004) , in a similar study, concluded that the radiodensity of human and bovine enamel was similar. The higher density of the bovine enamel found in our study is an indication that these teeth are more mineralized than human teeth or that mineral composition of bovine enamel is slightly different from that of human teeth. Such disparities may be due to differences of alimentary habits or even because of the type of management and age of the herd from which the teeth were acquired. 16 A strong evidence of such possible mineral composition disparities is the observed inequality of action of a chemical system for caries removal in human and bovine teeth. 11 However, Pinelli et al.
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(2004), in a study about the wear of diamond burs on human and bovine enamel, observed that more time is required for the wearing out of those burs on human dental tissue. Imfeld 9 (2001) detected no differences in the mechanical action of a certain type of toothbrush on human and bovine teeth. On the other hand, bovine teeth seem to present higher levels of microleakage on the margins of cervical restorations made with glass ionomer and resin composites. 7 Studies also demonstrated that there are differences in the marginal microleakage of many adhesive systems used for human and bovine teeth. 15 This suggests the existence of disparities in the chemical composition of bovine teeth compared to that of human teeth. Since adhesive systems are developed according to the characteristics of human teeth, a reduced efficacy of these materials on substrates other than human is likely to be observed. Moreover, according to the results of the present study, probably there are differences of composition between human and bovine teeth, since a statistically significant difference between the bovine and human enamel was observed.
On the other hand, we observed that the radiodensity of bovine coronal dentin was, on average, lower than that of the human coronal dentin. This difference was also statistically significant. Fonseca et al. 1 (2004) also observed that bovine dentin is less dense than human dentin, but their results demonstrated that these differences are small. It is known that there are differences of arrangement, density and diameter between human and bovine dentin. The density of human dentin tubules is smaller next to the enamel and their diameter is smaller compared to bovine's, 5 although both types of teeth have narrower tubular diameters on the layers next to the enamel and wider diameters next to the pulp. 3 Reis et al. 13 (2004) found similarities in the structure of human and bovine teeth using Scanning Electron Microscope (SEM) observation. How- 12 This indicates the existence of dissimilarities in the disposition and quantity of dentin tubules, in chemical composition of dentin or an association of these factors. 12 Studies about the ideal level of radiopacity of composites have indicated that the materials should have a radiopacity similar to that of enamel so that it would not mask or hinder the detection of recurrent caries. 17, 18 However, these studies were made on human teeth. Thus, special care should be taken when using bovine teeth for similar studies to avoid errors in the interpretation of the results, since bovine enamel is more radiodense than human enamel, and bovine coronal dentin is less radiodense than human coronal dentin.
Conclusions
Based on the results of the present study, we concluded that:
The radiodensity of bovine enamel is significantly higher than the radiodensity of human enamel. The radiodensity of bovine coronal dentin is statistically lower than the radiodensity of human coronal dentin, and bovine radicular dentin is also less radiodense than human radicular dentin, but this difference is not statistically significant. Bovine teeth should be used with care in radiographic in vitro studies.
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